Background Nicotine improves attention and processing speed in individuals with schizophrenia. Few studies have investigated the effects of nicotine on cognitive control. Prior functional magnetic resonance imaging (fMRI) research demonstrates blunted activation of dorsal anterior cingulate cortex (dACC) and rostral anterior cingulate cortex (rACC) in response to error and decreased post-error slowing in schizophrenia. Methods Participants with schizophrenia (n = 13) and healthy controls (n = 12) participated in a randomized, placebo-controlled, crossover study of the effects of transdermal nicotine on cognitive control. For each drug condition, participants underwent fMRI while performing the stop signal task where participants attempt to inhibit prepotent responses to Bgo (motor activation)^signals when an occasional Bstop (motor inhibition)^signal appears. Error processing was evaluated by comparing Bstop error^trials (failed response inhibition) to Bgo^trials. Resting-state fMRI data were collected prior to the task. Results Participants with schizophrenia had increased nicotine-induced activation of right caudate in response to errors compared to controls (DRUG × GROUP effect: p corrected < 0.05). Both groups had significant nicotine-induced activation of dACC and rACC in response to errors. Using right caudate activation to errors as a seed for resting-state functional connectivity analysis, relative to controls, participants with schizophrenia had significantly decreased connectivity between the right caudate and dACC/bilateral dorsolateral prefrontal cortices. Conclusions In sum, we replicated prior findings of decreased post-error slowing in schizophrenia and found that nicotine was associated with more adaptive (i.e., increased) post-error reaction time (RT). This proof-of-concept pilot study suggests a role for nicotinic agents in targeting cognitive control deficits in schizophrenia.
Introduction
The prevalence of smoking in individuals with schizophrenia is at least threefold higher than the smoking rates in the general population, contributing to higher rates of smoking-related morbidity and mortality in schizophrenia (Grant et al. 2004; Kelly et al. 2011) . Higher rates of tobacco dependence in those with schizophrenia may be due to shared neurobiological abnormalities in schizophrenia and nicotine dependence (Lyons et al. 2002; Moran et al. 2013a ). In addition, reduced negative affect, normalization of sensory gating, and improvements in cognitive performance with nicotine and nicotinic agonists have been described in individuals with schizophrenia (Smith et al. 2002; Leonard et al. 2007; Barr et al. 2008; Jubelt et al. 2008; Mann-Wrobel et al. 2011; Dutra et al. 2012) . Cognitive deficits are a core feature of schizophrenia and predict poor A. Eden Evins and Diego A. Pizzagalli contributed equally to this work.
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The online version of this article (https://doi.org/10.1007/s00213-017-4794-3) contains supplementary material, which is available to authorized users. functional outcome (Elvevåg and Goldberg 2000; Green et al. 2004) . Accordingly, understanding the effects of nicotine on various domains of cognition in schizophrenia and its underlying neural circuitry may aid the drug development of nicotinic agents targeted to improve cognitive function without the deleterious health effects of smoking.
Studies evaluating the effect of nicotine on cognitive function in schizophrenia have demonstrated faster processing speed (reaction time, RT) and increased accuracy in tasks of attention compared to placebo (Harris et al. 2004; Barr et al. 2008; AhnAllen et al. 2008) . Intrusive saccades decrease after smoking, and nicotine normalizes smooth pursuit abnormalities in individuals with schizophrenia (Olincy et al. 1998; Tregellas et al. 2005) . Collectively, these studies show a range of beneficial effects of nicotine and warrant further study in other domains of cognition known to be impaired in schizophrenia.
In the current proof-of-concept study, we evaluated the effects of nicotine on the behavioral and neural correlates of cognitive control using the stop signal task (SST). In this task, participants respond to a Bgo (motor activation)^signal and withhold a prepotent motor response when a Bstop (motor inhibition)^signal appears. Studies employing the SST have been used to probe distinct aspects of cognitive control including prepotent response inhibition, error detection, and dynamic adjustments of behavior in response to errors (Li et al. 2006 ; Aron and Poldrack 2006; Li et al. 2008a, b) . The SST is based on a Bhorse-race^model of response inhibition that assumes competition of excitatory (represented by speeded response to a go signal) and inhibitory neural processes (represented by inhibition of motor response when a stop signal is presented). If the speed of the excitatory process exceeds that of the inhibitory process, a go motor response will be made. In contrast, if the speed of the inhibitory process is faster in response to a stop signal, a response will be successfully inhibited. The task adapts to the participant's performance by varying the delay between the onset of the go stimulus and the stop signal. As this delay becomes longer, it becomes more difficult to inhibit a prepotent motor response. The stop signal reaction time (SSRT) is calculated based on individual participant's performance (see BMethods^) and is used as an index of the efficiency of individual response inhibition, where shorter SSRT denotes better response inhibition. Functional magnetic resonance imaging (fMRI) studies using the SST in healthy individuals have found a consistent set of regions that subserve successful response inhibition, including right inferior frontal gyrus, anterior insula, and presupplementary motor area (Cai et al. 2014; Cieslik et al. 2015) . Prior studies using the SST in schizophrenia have found impaired response inhibition (longer SSRT) associated with reduced inferior frontal gyrus activation (Hughes et al. 2012 ).
An important line of research using the SST is the investigation of the neural underpinnings of error detection and dynamic adjustments of performance in response to errors, evaluated by focusing on trials when participants incorrectly respond to a stop signal (Li et al. 2008a, b) . Consistent with research using other tasks (Carter et al. 1998) , studies using the SST have identified the dorsal anterior cingulate cortex (dACC) as a key region in error processing. Moreover, among healthy controls, fMRI studies have shown activation of the dACC and the rostral ACC (rACC) in response to errors (Carter et al. 1998; Kerns et al. 2004; Polli et al. 2005 ). The dACC is engaged in cognitive processes through its strong connections with the dorsolateral prefrontal cortex (DLPFC) and is thought to mediate subsequent shifts in behavior in response to errors through its connections with premotor areas (Devinsky et al. 1995; Bush et al. 2000; Taylor et al. 2007 ). Activation of the dACC in response to errors correlates with post-error slowing and predicts subsequent DLPFC activation (Kerns et al. 2004 ). Post-error slowing, a phenomenon in which individuals slow down following an error, is thought to be associated with efforts to respond more cautiously to avoid subsequent mistakes and is thus assumed to be an adaptive response (King et al. 2010; Dutilh et al. 2012) . In contrast to the dACC and its associated Bcognitive control^network, the rACC is part of an Baffective^net-work that has strong connections to limbic areas such as the amygdala, anterior insula, and orbitofrontal cortices (Devinsky et al. 1995; Bush et al. 2000; Cole and Schneider 2007) . Activation of the rACC is thought to signal the affective or motivational response to errors (Polli et al. 2005) . These fMRI findings have been corroborated and extended by electrophysiological studies of the errorrelated negativity (ERN), a negative potential that occurs 50-100 ms after error commission. In particular, source localization studies converge on the dACC and rACC as generators of the ERN (Van Veen and Carter 2002; Roger et al. 2010) . The magnitude of the ERN is directly related to fMRI signal in the dACC and rACC (Mathalon et al. 2003) .
There is ample evidence from fMRI studies that individuals with schizophrenia have impaired error processing with less dACC and rACC activation in response to errors and lower amplitude of the error-related negativity relative to controls (Carter et al. 2001; Mathalon et al. 2002; Laurens et al. 2003; Kerns et al. 2005; Polli et al. 2008; Becerril et al. 2011) . In addition to abnormalities in ACC activation, abnormal connectivity in areas of the dACC-cognitive control network has been described. Voegler et al. (2016) found decreased dACC/mid-cingulate activation in response to errors and decreased connectivity between dACC/mid-cingulate and DLPFC in individuals with schizophrenia. Consistent with decreased error-related dACC activation, multiple studies have described impaired post-error slowing in schizophrenia (Carter et al. 2001; Kerns et al. 2005) . However, the literature on post-error slowing is mixed, as several studies have shown intact post-error slowing in schizophrenia (Mathalon et al. 2002; Polli et al. 2006) . Collectively, prior findings in schizophrenia suggest dysfunctional activation of error-related ACC regions, decreased connectivity between dACC and associated areas of the cognitive control network, and aberrant adjustment of performance in response to errors.
Nicotine-induced activation of the dACC and rACC using fMRI has been observed in preclinical work and during tasks of attention in both healthy individuals and individuals with schizophrenia (Jacobsen et al. 2004; Hong et al. 2011; Bruijnzeel et al. 2014 ). To our knowledge, there are no studies examining the effects of acute nicotine on error processing and performance adjustments following errors in healthy individuals or those with schizophrenia. We hypothesized that nicotinerelated activation of dACC, rACC, and associated regions may be associated with enhanced error processing in schizophrenia. To test this hypothesis, we performed a randomized, doubleblind, placebo-controlled trial in which participants received transdermal nicotine or placebo in two sessions approximately a week apart while performing a version of the SST adapted for fMRI. In addition, participants underwent resting-state fMRI to evaluate functional connectivity within error-related networks.
We expected to replicate previous findings of decreased activation of dACC and rACC in response to errors and/or decreased connectivity between error-related network regions in schizophrenia. We further hypothesized that nicotine would improve abnormalities in error processing in schizophrenia by increasing activation of dACC and rACC in response to errors and/or increasing functional connectivity between dACC/ rACC and other regions of cognitive control/affective networks. In association with these neural alterations, we also hypothesized that nicotine would lead to more adaptive posterror behavioral adjustments (i.e., increase post-error slowing). Although the primary focus of this study was on the effect of nicotine on error processing, we also evaluated whether nicotine improved response inhibition in schizophrenia (i.e., decrease SSRT) in conjunction with activation of regions associated with successful response inhibition (e.g., anterior insula, right inferior frontal gyrus).
Methods

Participants and study design
Study participants
Fifteen participants with schizophrenia and 14 control participants (18-55 years old, all right-handed) were recruited from the community. Written, informed consent for a protocol approved by the Massachusetts General Hospital and McLean Hospital Institutional Review Boards was obtained from each participant prior to study procedures. Diagnosis of schizophrenia in patients and the absence of any axis I condition for controls were confirmed by the Structured Clinical Interview for DSM-IV (First et al. 2002) . Control participants were excluded if they reported a history of a first-degree relative with a psychotic disorder. All participants were required to have negative urine toxicology screens at all study visits. Individuals with a history of neurological disorders or head injury with neurological sequelae were excluded. Structural MRI results for all participants were reviewed by a radiologist, and no structural abnormalities were identified. Expired carbon monoxide (CO) measurement was used to confirm smoking status (CO < 5 ppm for non-smokers; CO > 10 ppm for smokers).
Four participants (two controls and two individuals with schizophrenia) did not complete the study due to nausea/ vomiting after nicotine administration and were excluded from analyses. The final sample included 13 adults with schizophrenia and 12 controls (flow chart in Figure S1 ). Twelve of the 13 participants with schizophrenia were taking antipsychotic medications (n = 2 clozapine, n = 10 other atypical antipsychotic). Chlorpromazine equivalent dose (CED, mg/day) and D2 receptor occupancy for antipsychotic medications were calculated (Woods 2003; Lako et al. 2013) . Please see Table 1 for details on demographics and clinical characteristics. Although group difference in smoking status was not significant, there were more smokers in the schizophrenia group than in the control group (46.2 vs. 16.7%; p = 0.13). Nicotine dependence severity was measured by the Fagerström Test for Nicotine Dependence (FTND) (Heatherton et al. 1991) . To evaluate putative effects of nicotine withdrawal on fMRI results, smokers completed the Minnesota Nicotine Withdrawal Scale (MNWS; 0-24 score range) immediately after smoking a cigarette (before patch administration) and after the scan (Toll et al. 2007 ).
Study design
A randomized, double-blind, placebo-controlled, crossover design was utilized in which each participant was administered either transdermal nicotine or identical placebo patch on two separate study sessions performed at least 7 days apart. The order of drug was counterbalanced within each group. Participants received different doses of nicotine, depending on the experience of adverse events and smoking status (range 7-28 mg); please see Supplement and Table S1 for details on nicotine patch administration and dosing. Three hours after patch application, participants underwent fMRI while performing resting state followed by the SST. We chose 3 h to coincide with maximal nicotine concentrations (Gupta et al. 1995) , and this time frame also avoids peak withdrawal symptoms, which typically occur 6-12 h after smoking cessation (Hughes et al. 1994) .
MRI data acquisition
Participants were scanned on a 3-T Siemens Trio scanner with a 12-channel head coil at the McLean Imaging Center. High-resolution (1 × 1 × 1 mm 3 ) T1-weighted MPRAGE images were acquired. Resting-state data were obtained prior to the SST to avoid task-related effects. During resting-state acquisition, participants were instructed to rest with eyes open for 6.2 min. Functional MR images were acquired with interleaved acquisition tilted − 30°from the AC-PC line using a gradient-echo echoplanar imaging (EPI) sequence. EPI parameters for resting state were the following: 124 volumes, echo time/repetition time (TE/TR) = 30/3000 ms, flip angle = 85°, field of view = 504 × 504 mm 2 , voxel dimensions = 3.0 mm isotropic, and 47 axial slices. EPI parameters for SST were as follows: 161 volumes, TE/TR = 30/2000 ms, flip angle = 90°, FOV = 384 × 384 mm 2 , voxel dimensions = 3.125 × 3.125 × 3.0 mm, and 32 axial slices.
Stop signal task
We utilized a variant of the SST (Bonnelle et al. 2012 ), a twochoice reaction time task in which participants are instructed to press a button indicating the direction of a go signal (green arrow pointing to right or left). During an initial screening visit, participants performed a continuous reaction time (CRT) version outside of the scanner where they responded as fast as possible to go stimuli without any stop signals to determine each individual's initial stop signal delay (SSD), the delay between the onset of go signal and stop signal. The initial SSD of 200 ms was calculated as the mean go RT for the CRT.
During the fMRI sessions, while performing the SST, a stop signal (red dot above arrow) was presented on occasional trials, which required participants to inhibit their response to the go signal. A staircase adaptation procedure was employed in which the SSD was dynamically adjusted every two stop trials. If the cumulative accuracy on stop trials was > 50%, the SSD was increased by 50 ms. In contrast, if the cumulative accuracy on stop trials was < 50%, the SSD was decreased by 50 ms. Using this procedure, performance for each participant was adjusted such that they correctly inhibited the response oñ 50% of the stop trials. In addition, a critical SSD was computed as the mean RT where the probability of responding is equal to the probability of inhibiting (i.e., time delay between go and stop signals where participants successfully inhibited their response to a stop signal). The SSRT for each participant was estimated by subtracting the median go RT from the critical SSD. The SSRT is thought to reflect the latency between presentation of the stop signal and onset of participant's inhibitory response process.
A total of 184 trials were presented over one run that lasted approximately 5.5 min. In addition to go trials and stop trials, which composed approximately 70 and 20% of trials, respectively, there were 16 rest trials. In order to mitigate strategic slowing down, during which participants respond more slowly to go trials to avoid missing a stop signal, negative feedback (BSpeed up!^) was presented in place of a trial if the participant's RT exceeded the 95th percentile of their current RT distribution. Each go signal was presented for 1250 ms followed by a fixation cross presented for 350 ms. The stop signal was presented according to the adaptive procedure described above. Stimuli were presented in a randomized fashion with an equal number of left and right responses for both go and stop trials.
When participants make errors on tasks requiring execution or inhibition of motor responses, post-error slowing may occur, in which participants slow down in the subsequent go trial after an error. We used correct go trials that followed correct stop responses (post-stop correct, pSC) and correct go trials that followed stop errors (post-stop error, pSE) to calculate post-error RT (King et al. 2010) Post−error RT ¼ pSE−pSC For analysis of SSRT, outliers were removed according to commonly employed lenient criteria for the SST (Congdon et al. 2012 ): (1) successful inhibition on stop trials < 25 or > 75%, (2) correct response on go trials < 60%, and (3) SSRT estimates that are negative or < 50 ms. Negative SSRT values are thought to reflect strategic slowing of responses to go trials. These values are routinely excluded in SSRT estimates as they violate the horse-race model (Congdon et al. 2012) . Generalized strategic slowing to go trials may also decrease the likelihood of dynamic increases in RT after errors. Therefore, for post-error RT, the same criteria were used to exclude outliers except we restricted the successful inhibition criterion (no. 1) to stop trials used for post-error RT estimation (i.e., stop trials preceding a correct go trial) in order to ensure we had a sufficient number of trials of each type. This resulted in removal of five participants: two controls (both nonsmokers) and three individuals with schizophrenia (one nonsmoker and two smokers) for post-error RT and SSRT calculation ( Figure S1 ).
Statistical analyses
SST-behavioral data
The prespecified primary behavioral variable was post-error RT. Other secondary variables of interest included SSRT, median correct go RT, mean correct go RT, standard deviation for mean correct go RT, and the number of negative feedbacks. For each variable, we used a repeated measures mixed model with DRUG (nicotine vs. placebo), GROUP (control vs. schizophrenia), and SESSION (first vs. second MRI session) as factors. Because of the difference in smoking rates between the two groups, SMOKING STATUS was included in all models. DRUG × GROUP was included in initial models and removed in the absence of a significant interaction. Since prior research demonstrates faster RT with nicotine, a global increase in RT may attenuate any increase in post-error RT associated with nicotine. We therefore included mean correct go RT as a covariate in models examining post-error RT.
SST-fMRI data: whole-brain voxelwise analysis
Analyses for the SST were conducted using FSL, version 5.0.6. To allow for signal stabilization, the first four volumes were removed. Preprocessing steps included motion correction using the middle image as a reference (MCFLIRT), skull-stripping and brain extraction, slice time correction, spatial smoothing with a Gaussian kernel full width at half maximum 6 mm, and high-pass temporal filtering. An in-house program was used to detect artifacts due to motion and intensity spiking (spike defined as ≥ 100 voxels exhibiting ≥ 2% difference of time point from mean intensity). Functional MRI data were co-registered to corresponding anatomical images, which were spatially normalized to the MNI template.
Individual participant's data were analyzed using the general linear model with regressors for go correct, stop correct, stop error, negative feedback and regressors for six motion parameters, and artefactual time points detected by in-house software. Stimulus waveforms were convolved with gamma variate hemodynamic response functions (normalization of probability density function of single gamma function). The contrasts of interest were for errors (stop error-go contrast) and for successful response inhibition (stop correct-go correct, stop correct-stop error). Each contrast has advantages and drawbacks. The stop error-go contrast isolates errorrelated activations due to failure to inhibit prepotent response without confound of response versus no response. The stop correct-go correct contrast is considered more sensitive to detecting regions associated with successful response inhibition; however, stop correct and go trials differ on visual stimulus and motor response. The stop correct-stop error contrast is considered a conservative and specific strategy to isolate regions required to successfully inhibit responses (Boehler et al. 2010) . Stop correct and stop error trials are matched on task requirement to inhibit response and visual stimulus but differ on execution of a motor response. Whole-brain group analyses for each contrast were performed with FMRIB's Local Analysis of Mixed Effects (FLAME) with DRUG as a within-subjects factor, GROUP as a between-subjects factor, and DRUG × GROUP interaction. Control for multiple comparisons was performed using a z-statistic of 3.1 (p = 0.001) to define contiguous clusters (minimum cluster size of 116 voxels) for p corrected = 0.05 threshold.
For any contrast where there were no significant DRUG, GROUP, or DRUG × GROUP effects, we used one-sample ttests to present significant fMRI activations (p corrected < 0.05) for each group separately using a design matrix that modeled between-session variance. For any cluster identified with a significant DRUG effect, to evaluate whether the DRUG effect was significant within each group, we performed repeated measures mixed models using the mean contrast parameter estimate averaged over each region within each group separately.
SST-fMRI data: ROI analysis
In addition to whole-brain analysis, ROI analyses were planned a priori for the stop error-go contrast in dACC and rACC due to their critical role in error processing (see BIntroduction^). Since rACC activation was observed with whole-brain analysis, we did not proceed with ROI analysis. For the dACC, we created a 10-mm sphere around MNI coordinates of x = 4, y = 28, and z = 26 obtained from a previous study in an independent cohort of individuals with schizophrenia and controls matched on age, gender, and smoking status (Moran et al. 2013b) . Repeated measure mixed models were performed with the mean contrast parameter from stop errorgo contrast (averaged over ROI) as a dependent variable, and DRUG, GROUP, and DRUG × GROUP as independent variables.
Resting-state data
Analyses for resting-state data were conducted using AFNI, version 17.0.03 (January 26, 2017), and MATLAB. After removal of the first four volumes, preprocessing steps included motion correction, brain extraction, and slice time correction. Resting-state scans were co-registered to anatomical images, which were spatially normalized to the MNI template. In order to remove confounds that contribute to non-neural noise, five principal components of a combined white matter and cerebrospinal fluid mask (eroded by one voxel to avoid contamination by gray matter) and six motion parameters were detrended from resting-state data by regression. Compared to regressing out global mean signal, this noise reduction method has the advantage of avoiding artefactual anticorrelations (Behzadi et al. 2007; Chai et al. 2012 ).
In addition, global signal regression may distort betweengroup comparisons of interregional correlation (Saad et al. 2012) . Because spurious differences in functional connectivity could be related to differences in head motion between groups, additional control for motion was conducted (Jones et al. 2010; Van Dijk et al. 2012) . Specifically, we calculated time points with significant change in motion from preceding TR as defined by framewise displacement of the sum of absolute values of temporal derivatives of six motion parameters of ≥ 0.5 mm and replaced their values by interpolating neighboring time points (Power et al. 2012) . We found no significant difference in head motion between the two groups as defined by the percent of time points with significant change in motion (nicotine: t(23) = − 0.1, p = 0.88; placebo: t(23) = − 0.6, p = 0.55). Next, a bandpass filter (0.009 to 0.08 Hz) was applied and then data were spatially smoothed (full width at half maximum 6 mm). The primary analyses of interest were to examine effects of DRUG and GROUP on network connectivity relevant to error monitoring. We therefore defined seeds as areas of activation from the stop error-go contrast with significant DRUG, GROUP, or DRUG × GROUP effects. For each participant, cross-correlation coefficients were calculated between the average time course of each seed region and the time course of each voxel in the brain, and coefficients were Fisher z-transformed as a measure of intrinsic functional connectivity. A mixed effects model was used to detect areas with significant within-subjects DRUG and between-subjects GROUP effects or DRUG × GROUP interaction. Data were corrected for multiple comparisons (p corrected < 0.05; see Supplement for details).
fMRI correlations
We calculated the Pearson correlation coefficients between activation in significant brain areas with significant DRUG × GROUP or DRUG differences for the stop errorgo contrast (using the mean contrast parameter averaged across cluster) and post-error RT. In order to determine if network connectivity dynamics influenced nicotine-induced activations to errors, we performed additional exploratory correlational analyses. Specifically, the Pearson correlation coefficients were calculated between intrinsic functional connectivity measures using areas identified as having significant DRUG or GROUP differences in connectivity and nicotineinduced activations (i.e., clusters identified from whole-brain analysis of stop error-go contrast). Correlations were performed for each drug condition separately. Comparisons of correlations for nicotine versus placebo were performed using methods that take into account non-independence of correlations (Steiger 1980) . Comparison of correlations for control versus schizophrenia was performed using Fisher's r to ztransformation. All tests of hypotheses were two-sided with a significance level of p < 0.05 (uncorrected for multiple comparisons).
Results
SST-behavioral data
For post-error RT, between-group comparisons using a repeated measures mixed effects model revealed a significant GROUP effect (β = − 43.0, p = 0.046) in which control participants had significantly longer post-error RT than the schizophrenia group. In addition, a significant DRUG effect emerged (β = 40.0, p = 0.03) such that nicotine was associated with increased post-error RT relative to the placebo condition (Fig. 1, Table 2 ). There was no significant DRUG × GROUP interaction.
For go RT variables, there were no significant effects of DRUG for median go RT or mean go RT. For variability of go RT (standard deviation), there were significant effects of DRUG (β = − 15.1, p = 0.002) and GROUP (β = 55.7, p < 0.001), where nicotine was associated with decreased variability and patients had greater variability than controls. For median, mean, and variability of go RT, there were no significant DRUG × GROUP interactions. There were no significant effects of DRUG, GROUP, or DRUG × GROUP interactions for SSRT or the number of negative feedbacks.
In summary, nicotine was associated with decreased variability of RT for go trials. Although post-error RT was reduced in individuals with schizophrenia in comparison to controls, nicotine was associated with improved adaptive responses to errors as indicated by increased post-error RT. We did not detect a significant effect of nicotine on response inhibition efficiency, as measured by SSRT.
SST-fMRI data
Stop correct-go
There were no significant DRUG or GROUP effects for the stop correct-go contrast. Participants with schizophrenia and controls recruited a similar network of regions associated with successful response inhibition consistent with areas reported in the literature (Cai et al. 2014; Cieslik et al. 2015 ) that included inferior frontal gyrus and the anterior insula ( Figure  S2 , Table S2 ).
Stop correct-stop error
There were no significant DRUG, GROUP, or DRUG × GROUP effects. Using one-sample t-tests within each group, we found a significant increase in bilateral striatum (caudate/ putamen) and precentral gyrus for controls, but no significant activations for schizophrenia ( Figure S3 , Table S3 ).
Stop error-go
Whole-brain analysis revealed a significant DRUG × GROUP interaction in the right caudate (anterior to the anterior commissure); relative to controls, participants with schizophrenia had greater nicotine-induced activation of the right caudate in response to errors (Fig. 2, Table 3 ). Within-group analyses revealed a significant DRUG effect for the schizophrenia group (β = 62.7, p < 0.001) but not controls (β = 17.0, p = 0.23). Furthermore, 12 of the 13 participants with schizophrenia had greater activation of the right caudate for the nicotine than placebo condition (binomial: p = 0.003).
Using whole-brain analysis, we also found significant DRUG effects in which nicotine was associated with increased activation of rACC/medial prefrontal cortex (MPFC) and bilateral anterior prefrontal cortex (aPFC) in the dorsomedial aspect of the superior frontal gyrus (BA10) in response to errors. Within-group analyses revealed significant DRUG effects for both the schizophrenia and control groups for rACC/MPFC and aPFC regions. Using an ROI for the dACC, we found a significant DRUG effect (β = 35.8, p = Stop accuracy (%) 56 ± 13 53 ± 7 53 ± 7 51 ± 8
Negative feedback (n) 11 ± 8 14 ± 7 16 ± 9 16 ± 10 RT reaction time, SD standard deviation for individual subject RT distribution, SSRT stop signal reaction time *p < 0.05, significant GROUP and DRUG effects a Data for post-error RT and SSRT were derived from 10 control participants (two smokers, eight non-smokers) and 10 participants with schizophrenia (four smokers, six non-smokers). See BMethods^for criteria used to exclude outliers from post-error RT/SSRT analyses. All other variables were derived from the full sample of participants included in the imaging analyses (12 controls and 13 participants with schizophrenia) 0.02) with increased nicotine-induced dACC activation across all participants (Fig. 3) . There was no significant GROUP effect or DRUG × GROUP interaction.
Resting-state fMRI data
In order to investigate error-related network dynamics associated with nicotine use, we used the three clusters from the stop error-go contrast associated with greater activation in response to nicotine as seed regions (right caudate, rACC, and aPFC). Using the right caudate as a seed region, voxelwise whole-brain analysis revealed clusters with significant GROUP differences in connectivity between the right caudate and dACC and between the right caudate and bilateral DLPFC, key nodes of the cognitive control network (Cole and Schneider 2007) , in which patients with schizophrenia had reduced connectivity ( Fig. 4 ; Table 4 ). Rostral ACC/ MPFC and aPFC clusters identified overlapping regions in the occipital cortex (right cuneus) with significantly decreased connectivity in schizophrenia compared to controls. There were no significant DRUG effects or DRUG × GROUP interactions for connectivity measures. Fig. 2 Stop error-go contrast from stop signal task using whole-brain voxelwise fMRI analysis corrected for multiple comparisons (p corrected < 0.05). a Significant DRUG × GROUP interaction where individuals with schizophrenia had increased nicotine-induced activation of the right caudate in response to errors compared to placebo. In contrast, there was no significant DRUG effect for control participants; individuals with schizophrenia had significantly greater right caudate activation than controls under the nicotine condition (c). b Significant DRUG effects in the rostral anterior cingulate (rACC: yellow, d) and the dorsomedial anterior prefrontal cortex (aPFC: red, e) with increased nicotine-induced activation in both regions. Data in c-e represent the mean contrast parameter extracted from clusters identified using wholebrain analysis for the stop error-go contrast (averaged over each region) To evaluate whether error-related activations influence nicotine-induced post-error slowing, we performed correlations between activations identified in the stop error-go contrast and post-error RT. We found a significant positive correlation between post-error RT and dACC ROI activation for nicotine (r = 0.45, p = 0.04), replicating previous research that greater dACC activation is associated with increased posterror RT (Kerns et al. 2004 ). In contrast, there was a trend for a negative correlation between dACC and post-error RT in the placebo condition (r = − 0.42, p = 0.07). The correlation between dACC and post-error RT was significantly greater for the nicotine condition than for the placebo condition (z = 2.57, p = 0.01). While the positive correlation was significant for controls (r = 0.88, p < 0.001), it was not significant for the schizophrenia group (r = 0.53, p = 0.12). However, there was no significant difference in correlation for the nicotine condition between the two groups (z = − 1.44, p = 0.15). We also noted trend-level positive correlations between right caudate activation and post-error RT for the nicotine condition only in both control participants (r = 0.60, p = 0.07) and individuals with schizophrenia (r = 0.58, p = 0.08). Because of the finding of greater nicotine-induced activation of the right caudate in response to errors in the presence of decreased resting-state functional connectivity between the right caudate and dACC/bilateral DLPFC in individuals with schizophrenia, we examined correlations between right caudate activation and network connectivity. We found significant negative correlations between right caudate activation to errors and resting-state connectivity between the right caudate and both right (r = − 0.50, p = 0.01) and left (r = − 0.45, p = 0.03) DLPFC and a trend for connectivity between the right caudate and dACC (r = − 0.34, p = 0.09) for the nicotine condition but no significant correlations for the placebo condition (right DLPFC: r = − 0.26, p = 0.21; left DLPFC: r = − 0.07, p = 0.73; dACC: r = − 0.11, p = 0.61). These results suggest that nicotinic activation in response to errors was greater in those with lower network connectivity.
Control analyses
Additional analyses were conducted to confirm that higher rates of smoking and nicotine dose in the schizophrenia group did not influence our findings. It is therefore possible that nicotine withdrawal during the placebo condition may have influenced group differences. We found that subjective nicotine withdrawal measured with the MNWS was negligible (see Supplement for details). To evaluate whether antipsychotic medication usage influenced our findings, we computed the Pearson correlation coefficients for each drug condition between (1) CED/D2 receptor occupancy and (2) post-error RT Fig. 3 a Dorsal anterior cingulate (dACC) region of interest (ROI). b Significant DRUG effect for the stop error-go contrast associated with increased nicotine-induced activation of dACC (p = 0.02). There was no significant GROUP effect or DRUG × GROUP interactions. Data shown represent the mean contrast parameter from stop error-go contrast averaged over each ROI Fig. 4 Resting-state functional connectivity analysis. a Right caudate activation from the stop error-go contrast associated with a significant DRUG × GROUP effect (increased nicotine-induced activation in schizophrenia) was used as a seed region: decreased connectivity between the right caudate seed and dorsal anterior cingulate (dACC) and bilateral dorsolateral prefrontal cortices was found in participants with schizophrenia (green). b Rostral anterior cingulate cortex (rACC) and anterior prefrontal cortex (aPFC) activations from the stop error-go contrast with significant DRUG effect (increased nicotine-induced activation) were used as seed regions (rACC: yellow; aPFC: red): decreased connectivity between these seed regions and right cuneus was found in participants with schizophrenia. Areas of overlap are shown in blue and significant task-based (SST) and resting-state fMRI measures. There were no significant correlations between CED/ D2 receptor occupancy and post-error RT. We found a significant negative correlation between CED and activation in the right caudate for the placebo condition (r = − 0.64, p = 0.02) and a trend for the nicotine condition (r = − 0.52, p = 0.08). To establish that CED did not contribute to increased nicotineinduced activation in the right caudate, we used a repeated measures mixed model restricted to participants with schizophrenia with and without inclusion of CED as a covariate; DRUG effect in the schizophrenia group was significant regardless of including CED (DRUG effect: p < 0.001 in both models). Greater CED dose was associated with decreased activation; since we found increased activation in the schizophrenia group, CED did not explain the increased activation and may have biased this finding towards the null. No other significant correlations were observed between CED/D2 receptor occupancy for the SST or resting-state data.
Discussion
In this study, we report the novel findings that nicotine administration is associated with (a) increased activation of the right caudate in response to errors in participants with schizophrenia relative to controls and (b) increased activation of both rostral and dorsal ACC in response to errors in participants with and without schizophrenia. We also replicated prior research demonstrating decreased post-error RT in schizophrenia and demonstrate the novel finding that nicotine administration is associated with increased post-error RT.
Nicotine-related activation of the right caudate in response to errors was specific to participants with schizophrenia. Using this area as a seed for resting-state functional connectivity analysis, we isolated areas of the cognitive control network with decreased connectivity with the right caudate in schizophrenia: dACC and bilateral DLPFC. We found positive correlations between error-related dACC activation and post-error RT, consistent with previous reports that dACC activation predicts post-error slowing in healthy controls and individuals with schizophrenia (Kerns et al. 2004; Becerril et al. 2011) . There was also a trend for a positive correlation between right caudate activation to errors and post-error RT in the nicotine condition. We additionally found negative correlations between right caudate activation in response to errors and right caudate-dACC and right caudatebilateral DLPFC connectivity specific to the nicotine condition. This constellation of findings suggests that nicotineinduced activation of the right caudate in response to errors may overcome deficits in functional connectivity within the cognitive control network during the baseline condition; greater nicotine-induced caudate activation was found in patients with the greatest decrements in connectivity associated with nicotine-induced increases in post-error RT.
Caudate activation using the SST is commonly associated with successful response inhibition (i.e., not with errors) consistent with our finding of bilateral caudate activation in controls for the stop correct-stop error contrast (Chevrier et al. 2007; Li et al. 2008c; Padmala and Pessoa 2010; Boehler et al. 2010) . Interestingly, fMRI investigations of post-error behavioral adjustments suggest that errors may facilitate processing of task-relevant activation. Using a task where participants were asked to classify faces as male or female, King et al. (2010) found error-related activation of dACC in response to errors and subsequent activation of bilateral fusiform face area. Although we identified bilateral caudate activation associated with successful response inhibition in controls, there were no significant activations for the stop correct-stop error contrast in schizophrenia. Thus, nicotinic actions on error processing in schizophrenia may have redirected neural resources towards task-relevant caudate activity in preparation for subsequent stop trials.
The compensatory activation of the caudate in patients was specific to the nicotine condition. We speculate that nicotine- related activation of the caudate in response to errors may have been paradoxically facilitated by disease-related abnormalities in caudate neurotransmission. The caudate, along with the thalamus and substantia nigra, has the highest density of nicotinic acetylcholine receptors in the human brain (Paterson and Nordberg 2000) . The caudate region with increased nicotine-induced activation in the patient group in the current study was located in the precommissural caudate head, corresponding to the associative striatum (Martinez et al. 2003) . Molecular imaging studies have implicated the associative striatum as key to schizophrenia pathology; specifically, increased dopaminergic transmission in the associative striatum has been found in unmedicated patients with schizophrenia (Kegeles et al. 2010) . Moreover, individuals at risk for psychosis have elevated presynaptic dopaminergic capacity in the associative striatum that predicts conversion to psychosis (Howes et al. 2009 ). In addition, increased glutamate levels in the associative striatum have been found in individuals at risk for psychosis and drug-naive patients experiencing a first episode of psychosis (de la Fuente-Sandoval et al. 2011; Plitman et al. 2016) . Functional MRI activation in the caudate for the SST has been positively correlated with both glutamate levels using magnetic spectroscopy and presynaptic dopaminergic capacity using positron emission tomography in the associative striatum (Lorenz et al. 2015) . Nicotine activates presynaptic nicotinic acetylcholine receptors on dopaminergic neurons in the mesoaccumbens system. In addition, nicotinic effects on the glutamatergic system potentiate excitation of dopaminergic transmission (Mansvelder et al. 2002) . Thus, a parsimonious explanation of our findings is that diseaserelated abnormalities of glutamatergic and dopaminergic neurotransmission in the associative striatum in schizophrenia may underlie exaggerated nicotine-related activation of the caudate in response to errors, which served to compensate for error-processing deficits in schizophrenia.
In response to errors, we identified significant nicotineinduced activation of dACC and rACC, key hubs of the cognitive control and affective networks, respectively (Polli et al. 2005; Cole and Schneider 2007) . In contrast to multiple previous studies showing decreased dACC activation in response to errors in schizophrenia (Carter et al. 2001; Kerns et al. 2005; Polli et al. 2008; Becerril et al. 2011) , there was no significant group difference in dACC activation in the placebo condition. Nonetheless, our finding of decreased connectivity between the caudate and dACC and DLPFC is consistent with prior studies demonstrating decreased connectivity between error-related dACC/middle cingulate region and DLPFC (Voegler et al. 2016 ). We did not find any significant effects of nicotine on resting-state functional connectivity measures, consistent with our prior research in smokers with and without schizophrenia in which there was no effect of nicotine on the strength of functional connectivity between dACC and striatal regions (Moran et al. 2012 ). However, a recent study using graph theoretical methods found enhanced nicotine-induced connectedness of the ACC in individuals with schizophrenia but the opposite effect of nicotine in healthy individuals (Smucny et al. 2017) . Our finding of negative correlations between right caudate activation and connectivity between right caudate and dACC/DLPFC suggests that enhanced nicotine-induced caudate activation in response to errors served as a compensatory mechanism to overcome functional dysconnectivity in the cognitive control network in schizophrenia.
Limitations
The major limitation of this paper is the small sample size, which increases the risk of type I and type II errors. The crossover study design allows for the detection of withingroup drug effects, but we likely did not have sufficient power to detect small between-group differences. We failed to replicate prior studies using the SST of impaired response inhibition efficiency (group differences in SSRT) or group differences in activation of regions associated with response inhibition in schizophrenia (Hughes et al. 2012 ). However, we found that both patient and control groups fundamentally recruit similar brain regions commonly reported for successful response inhibition, such as the anterior insula and inferior frontal gyrus (Cai et al. 2014) . Because of the small sample size, we did not correct for multiple comparisons in analysis of behavioral data; accordingly, the current findings await replication in independent samples.
Replication of our findings in groups matched on smoking status is required, as there was a higher rate of smoking in participants with schizophrenia compared with controls and an associated increase in dose of nicotine administered to the patient group. Post-error RT was notably associated with large variance in the schizophrenia group in both drug conditions; this finding, in particular, should be interpreted with caution and requires replication in a larger cohort of non-smokers or groups balanced on smoking status. Even in the absence of subjective withdrawal symptoms, nicotine administration may have reversed nicotine withdrawal-related impairments in error monitoring. Another limitation was the short duration of the resting-state scan (6.2 min with TR of 3 s). Critically, our fMRI findings of increased error-related activation of dACC and rACC (in the nicotine condition) are consistent with previous reports of the key roles of these regions in error processing (Polli et al. 2005) . The decreased connectivity between the caudate and areas of the cognitive control network in schizophrenia is consistent with prior studies demonstrating dACC dysfunction in schizophrenia, increasing confidence in our findings (Carter et al. 2001; Laurens et al. 2003; Kerns et al. 2005; Polli et al. 2008; Becerril et al. 2011; Voegler et al. 2016) . Finally, most participants with schizophrenia were prescribed antipsychotic medications. Post-error RT and fMRI data measurements were not correlated with CED or D2 receptor occupancy, with the exception of a negative correlation between CED and right caudate activation for the stop errorgo contrast. While participants with schizophrenia had increased nicotine-induced caudate activation, CED predicted decreased activation, suggesting that antipsychotic medications may have attenuated increased right caudate activation.
Conclusions
In summary, individuals with schizophrenia were characterized by deficits in error processing manifested by decreased post-error slowing compared to controls in association with decreased connectivity of the right caudate with other regions of the cognitive control network (dACC and bilateral DLPFC). The key novel finding of the current study is that nicotine improves various aspects of error processing in schizophrenia. Nicotine activated regions involved in cognitive control (dACC) and affective/motivational (rACC) responses to errors. Nicotine also enhanced dynamic adjustment of behavior (increased post-error RT) and activated taskrelevant regions associated with successful response inhibition (caudate activation) in response to errors. This proof-ofconcept work highlights the need for the development of treatments that target nicotinic systems to improve cognitive control deficits in schizophrenia.
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